The Cdc42p GTPase controls polarized growth and cell cycle progression in eukaryotes from yeasts to mammals, and its precise subcellular localization is essential for its function. To examine the cell cycle-specific targeting of Cdc42p in living yeast cells, a green fluorescent protein (GFP)-Cdc42 fusion protein was used. In contrast to previous immunolocalization data, GFP-Cdc42p was found at the plasma membrane around the entire cell periphery and at internal vacuolar and nuclear membranes throughout the cell cycle, and it accumulated or clustered at polarized growth sites, including incipient bud sites and mother-bud neck regions. These studies also showed that C-terminal CAAX and polylysine domains were sufficient for membrane localization but not for clustering. Time-lapse fluorescence microscopy showed that GFP-Cdc42p clustered at the incipient bud site prior to bud emergence and at the mother-bud neck region postanaphase as a diffuse, single band and persisted as two distinct bands on mother and daughter cells following cytokinesis and cell separation. Initial clustering occurred immediately prior to actomyosin ring contraction and persisted postcontraction. These results suggest that Cdc42p targeting occurs through a novel mechanism of membrane localization followed by cell cycle-specific clustering at polarized growth sites.
of cdc42
C188S from template pRS315(cdc42 C188S ). The resulting product was cut with NotI plus XhoI and inserted into p415MET(GFP) cut with NotI plus XhoI. p415MET(GFP-KKSKKCTIL) was constructed by cutting pGAL(GFP-KKSKKCTIL) (kindly provided by Johanna Whitacre) with BamHI plus XhoI and inserting the resulting fragment into p415MET cut with BamHI plus XhoI. p415MET(GFP-CTIL) was constructed by PCR of GFP by using a 3Ј primer that included CTIL sequences. The resulting PCR product was inserted into p415MET cut with SpeI plus HindIII.
p415MET(GFP-cdc42 G12V ) and p415MET(GFP-cdc42 D118A ) were created by using the QuikChange kit with p415MET(GFP-CDC42) as the DNA template. The cycling parameters for the mutagenesis were 12 cycles of 95°C for 30 s, 55°C for 30 s, and 68°C for 17 min. p415MET(CFP-CDC42) was created by incorporating the F64L, S65T, Y66W, N146I, M153T, and V163A mutations into GFP by using the QuikChange kit in a two-step mutagenesis scheme with p415MET(GFP-CDC42) as the original DNA template. pLP08(MYO1-YFP) and p415MET(YFP-CDC24) were created by incorporating the S65G, V68L, S72A, and T203Y mutations in GFP by using the QuikChange kit in a two-step mutagenesis scheme with pLP08(MYO1-GFP) and p415MET(GFP-CDC24) as the original DNA templates, respectively. The cycling parameters for these mutagenesis reactions were 18 cycles of 95°C for 30 s, 55°C for 30 s, and 68°C for 32 min.
Protein was isolated from wild-type strain C276, CDC42/⌬cdc42 heterozygous stain DJD6-11, and TRY100. Immunoblot analysis was performed as previously described (43) with minor changes.
Photomicroscopy. Cells were grown in the appropriate liquid medium to midlog phase and were collected, sonicated, and examined morphologically. Methods for preparing and staining cells with FM4-64 have been described previously (29) . Cells containing the various GFP-Cdc42p and Myo1p-GFP constructs were grown in SCϪUraϪMet, SCϪLeuϪMet, and SCϪUraϪLeuϪMet medium as appropriate for expression from the methionine-repressible promoter.
Photomicroscopy and time-lapse microscopy with phase contrast optics and Omega XF100 optical filter cube, Chroma Yellow GFP (41028) optical filter cube, and Chroma Cyan GFP V2 (31044 V2) optical filter cube to visualize GFP, yellow fluorescent protein (YFP), and cyan fluorescent protein (CFP) fluorescence, respectively, were performed on an E400 Nikon microscope (Omega Optical, Brattleboro, Vt.). Digital cell images were obtained and analyzed as previously described (24) .
For time-lapse microscopy, wild-type TRY11-7D cells containing one or two plasmids with various GFP, YFP, and/or CFP constructs were grown to mid-log phase, and an aliquot of cells was layered onto a microscope slide thin-layered with an appropriately selective SCϪMet medium-agarose slab. The slide was then placed on the microscope, and cell division and fluorescence were monitored and captured in still-frame pictures at specified time intervals. Where indicated, cells from the same culture but different fields were assembled into collages by using Adobe Photoshop 5.0.
RESULTS
GFP-Cdc42p localized to the plasma membrane and internal membranes and clustered at the incipient bud site and mother-bud neck region. Preliminary characterization of an overexpressed GFP-Cdc42p construct in S. cerevisiae indicated that it was functional (i.e., able to complement a cdc42-1 ts mutant) and was observed at sites of polarized growth, including the bud site and mother-bud neck region (32) . To further examine these localization patterns, this GFP-Cdc42p construct was expressed under the CDC42 endogenous promoter and integrated into a CDC42/⌬cdc42 heterozygous diploid at the URA3 locus. PCR, DNA-DNA hybridization, and immunoblot analysis confirmed that this strain (designated TRY100) had the GFP-CDC42 construct integrated at the correct locus (data not shown) and that GFP-Cdc42p was being expressed at levels comparable to endogenous Cdc42p (Fig. 1A) . Under these conditions, GFP-Cdc42p still localized to polarized growth sites (see below) but was also seen around the entire cell periphery and at internal membranes (Fig. 1B ) in cells at all stages of the cell cycle. Cdc42p localization at the plasma and internal membranes had not been observed previously in S. cerevisiae but was recently observed in S. pombe (23) .
An enhanced GFP-Cdc42p signal was observed at polarized growth sites, including the presumptive bud site prior to bud emergence, at the tips and sides of enlarging buds, and at the mother-bud neck region in large-budded cells (Fig. 1B) , suggesting that Cdc42p accumulates or clusters at these polarized growth sites. Identical targeting patterns were observed in a and ␣ haploid cells and diploid cells (data not shown). GFPCdc42p localized to vacuolar membranes, as indicated by costaining with the vacuolar membrane stain FM4-64 (Fig.  1C) . In addition, Cdc42p colocalized with its exchange factor Cdc24p at bud sites and the mother-bud neck region and was localized to the periphery of the nucleus, as delimited by Cdc24p internal nuclear localization (Fig. 1D) (Richman et al., unpublished data) . These observations are consistent with a role for Cdc42p in intracellular membrane trafficking and with a mechanism for Cdc42p targeting involving membrane localization, followed by clustering at particular sites (see Discussion). The localization patterns of single-copy and plasmidborne GFP-Cdc42p were identical, and thus plasmid-borne GFP-Cdc42p was used for all subsequent experiments.
C terminus of Cdc42p is sufficient for localization to membranes but not for clustering. Mutational analysis of the Cdc42p C-terminal 188 CTIL CAAX box and 183 KKSKK polylysine domain have previously implicated these sequences in the localization and attachment of Cdc42p to membranes (8, 43) . Geranylgeranylation of the Cys 188 residue is necessary for Cdc42p attachment to membranes (43) , and as expected, mutant GFP-Cdc42 C188S p no longer localized to the plasma membrane or internal membranes and did not cluster ( Fig. 2A) .
The conserved CTIL and polylysine residues were fused to GFP to test whether these sequences were sufficient for mem- Fig. 2A) . Mutant GFP-STIL and GFP-QQSQQSTIL proteins did not localize to plasma or internal membranes (data not shown). These results indicated that prenylation of the Cys residue was sufficient for internal membrane targeting, but the addition of the polylysine sequences was needed for targeting to the plasma membrane. These results also suggest that additional Cdc42p residues play a role in Cdc42p clustering at polarized growth sites. To examine the role of other Cdc42p residues, previously characterized cdc42 mutations were tested for their effects on GFP-Cdc42p clustering. GTP-bound GFP-Cdc42 G12V p targeted normally but was clustered at multiple bud sites or bud tips simultaneously and was persistently polarized to tips of elongated buds (Fig. 2B) , suggesting that the nucleotide-bound state of Cdc42p was important for timing and/or persistence of clustering. In contrast, dominant-negative GFP-Cdc42 D118A p showed no aberrant clustering (data not shown). GFPCdc42 Y32K p, containing the Y32K effector domain mutation that abolishes interactions with multiple effectors and regulators, including Cla4p, Skm1p, Gic1p, Gic2p, Iqg1p, and Bem3p but not Bni1p (32), showed normal clustering and targeting to membranes (data not shown), similar to that previously seen with the D38E and V44A effector domain mutations (32, 33) . In addition, cla4⌬ (33), gic1⌬, and gic2⌬ mutants (data not shown) did not have defects in Cdc42p targeting or clustering. Although this does not completely rule out effector domain involvement in clustering, these results suggest that Cdc42p interactions with Cla4p, Skm1p, Gic1p, Gic2p, Iqg1p, and GTPase-activating protein (GAP) Bem3p were not required.
Time-lapse microscopy of Cdc42p localization during the
FIG. 2. (A)
Membrane localization required Cdc42p CTIL and polylysine residues. Plasmid p415MET(GFP-cdc42 C188S ) was transformed into wild-type strain TRY11-7D, and plasmids p415MET(GFP-CTIL) and p415MET(GFP-KKSKKCTIL) were transformed into wild-type strain W303. Transformants were grown to mid-log phase in SCϪLeuϪMet medium. (B) Constitutively active Cdc42 G12V p showed aberrant clustering. Plasmid p415MET(GFP-cdc42 G12V ) was transformed into wild-type TRY11-7D cells, and transformants were grown to mid-log phase in SCϪLeuϩMet medium. Images were assembled as in Fig. 1 cell cycle. The cell cycle-specific timing of GFP-Cdc42p clustering was determined by time-lapse fluorescence microscopy ( Fig. 3) . At time zero, GFP-Cdc42p was clustered at the mother-bud neck, and 5 min later, GFP-Cdc42p clustered at a site on the mother cell (designated cell #1), where Ϸ10 min later, a small bud started to emerge. GFP-Cdc42p persisted at the original mother-bud neck region until after the new bud emerged (time ϭ 20 min). As the cell #1 bud enlarged, an initial clustering event occurred on the daughter cell (#2), followed Ϸ10 min later by an emerging bud (time ϭ 40 to 50 min). In cell #2, GFP-Cdc42p remained polarized to the growing bud until it was medium to large (time ϭ 115 min), at which point GFP-Cdc42p appeared more diffusely along the tips and sides of the growing bud. GFP-Cdc42p clustered at the mother-bud neck region of cell #2 as a diffuse single band (time ϭ 235 min) and then as bands on mother and daughter cells (probably following cytokinesis and cell separation; see below) that persisted for the remainder of the time course (time ϭ 265 to 280 min). GFP-Cdc42p remained around the cell periphery and internal membranes of both mother and daughter cells throughout the time course. GFP-Cdc42p clustered to incipient bud sites on average Ϸ11 min prior to bud emergence (Table 2) , which is comparable to the timing of actin and septin localization to this site (11, 16, 19) . Furthermore, these experiments established that Cdc42p was indeed clustering at the site where a future bud would emerge. GFP-Cdc42p clustering at the mother-bud neck occurred postanaphase, as indicated by time-lapse microscopy of YFP-Cdc24p and CFP-Cdc42p colocalization, in which localization of both proteins occurred only after nuclei were clearly partitioned to mother and daughter cells (data not shown) (Richman et al., unpublished data) . Upon clustering at the mother-bud neck region, the appearance of distinct Cdc42p bands on both mother and daughter cells took on average Ϸ10   FIG. 3 . Time-lapse photomicroscopy of GFP-Cdc42p localization during the cell cycle. Wild-type haploid strain TRY11-7D was transformed with p415MET(GFP-CDC42), and transformants were grown to mid-log phase in SCϪLeuϪMet medium. Cells were placed onto a thin-layered agar slab made with SCϪLeuϪMet medium and viewed by fluorescent microscopy. GFP-Cdc42p localization was captured at Ϸ5-to 15-min intervals. The cells designated #1 and #2 are described in the text. These cells are representative of at least 18 cells documented with similar localization patterns. a For the incipient bud site, time was measured from GFP-Cdc42p's first clustering at the incipient bud site to the start of bud emergence in wild-type cells (TRY11-7D). Fluorescence at this time was captured approximately every 5 min. The timing of GFP-Cdc42p localization at the mother-bud neck region was measured from the first clustering of GFP-Cdc42p at the mother-bud neck region to the time it appeared as two distinct bands on mother and daughter cells in wild-type cells (TRY11-7D). Time was measured from the first clustering of GFP-Cdc42p at the mother-bud neck region to the time it appeared as two distinct bands on mother and daughter cells in the bni1⌬ mutant (YEF5126). min ( Table 2 ). In general, GFP-Cdc42p persisted at the mother-bud neck region until a new budding cycle was initiated.
Cdc42p clusters at the mother-bud neck region immediately prior to myosin ring contraction. To determine whether cells with mother-bud neck clustering had completed cytokinesis and cell separation, fixed cells expressing GFP-Cdc42 were treated with the cell wall-digesting enzyme glusalase. Pre-glusalase treatment, Ϸ69% of cells were budded and the appearance of clustered Cdc42p on both mother and daughter cells was seen in Ϸ58% of cells exhibiting GFP-Cdc42p at the mother-bud neck. After glusalase treatment, only Ϸ50% were budded, suggesting that Ϸ19% of the budded cells had undergone cytokinesis and cell separation, and the appearance of clustered Cdc42p on both mother and daughter cells also decreased to Ϸ32%. These results suggest a correlation between the completion of cytokinesis and cell separation and GFPCdc42p clustering on both mother and daughter cells.
To pinpoint when Cdc42p clustering occurred in relation to actomyosin ring contraction, CFP-Cdc42p and Myo1p-YFP (the type II myosin component of the actomyosin ring) were observed together. Myo1p-YFP appeared at the mother-bud neck region in small-, medium-, and large-budded cells as previously described (4) (data not shown). Myo1p-YFP and CFP-Cdc42p both localized to the mother-bud neck, but cells showing CFP-Cdc42p clustered on both mother and daughter cells never concurrently showed a myosin ring, suggesting that the myosin ring had contracted by the time Cdc42p clustered on both mother and daughter cells.
Time-lapse microscopy confirmed this observation ( Fig. 4 ; indicative of eight cells documented). At time zero, CFPCdc42p was not clustered and Myo1p-YFP localized to the mother-bud neck region in a double ring structure of diameter 1 m. Within Ϸ9 min, CFP-Cdc42p had begun to cluster at the mother-bud neck region and the Myo1p-YFP rings had fused FIG. 4 . Localization of CFP-Cdc42p and Myo1p-YFP during cytokinesis. Plasmids p416MET(CFP-CDC42) and pLP08 containing MYO1-YFP under the MYO1 endogenous promoter were transformed into wild-type strain TRY11-7D. The cells were then prepared and observed as in Fig.  3 . Large-budded cells were observed at Ϸ1-to 2-min intervals through CFP-Cdc42p's clustering at the mother-bud neck and Myo1p-YFP's starting to contract and disappear.
VOL. 1, 2002 CELL CYCLE ANALYSIS OF Cdc42p TARGETING 463
into a single ring, with the diameter of the ring remaining unchanged, indicating that Cdc42p accumulates prior to actomyosin ring contraction. Within Ϸ1 min, CFP-Cdc42p clustering intensified until the Myo1p-YFP ring began to contract to a diameter of 0.74 m (time ϭ 11 min) and to 0.49 m Ϸ2 min later, and then disappeared Ϸ2.5 min later, suggesting that myosin ring contraction was complete in a total of Ϸ5.5 min, which was in the range seen previously (4). Overall, these observations suggest that Cdc42p clusters at the mother-bud neck region prior to actomyosin ring contraction and persists on mother and daughter cells after cytokinesis.
GFP-Cdc42p clustering at the mother-bud neck region is altered in septin cdc12-6
ts and bni1⌬ mutants but not myo1⌬ mutants. To determine whether GFP-Cdc42p clustering at the mother-bud neck region was dependent on the actomyosin ring structure, GFP-Cdc42p was observed in septin, bni1⌬, and myo1⌬ mutant backgrounds, which have actomyosin ring localization or contraction defects. In myo1⌬ mutant cells, GFPCdc42p was still observed at the plasma and internal membranes and at the mother-bud neck region (Fig. 5A) , indicating that an intact myosin ring was not required for Cdc42p clustering at the mother-bud neck region. In bni1⌬ mutant cells, FIG. 5 . (A) Cdc42p localization in myo1⌬ mutant. p415MET(GFP-CDC42) was transformed into myo1⌬ strain YEF2125, and transformants were grown to mid-log phase in SCϪLeuϪMet medium. Images were assembled as in Fig. 1. (B) Time-lapse microscopy of GFP-Cdc42p clustering at the mother-bud neck region in wild-type and bni1⌬ cells. p415MET(GFP-CDC42) was transformed into wild-type (TRY11-7D) and bni1⌬ (YEF2126) cells, and transformants were grown to mid-log phase in SCϪLeuϪMet medium and observed as in Fig. 3 . Fluorescence pictures were captured at Ϸ1-to 2-min intervals, with time zero representing the time at which GFP-Cdc42p was first observed at the mother-bud neck region. The cells shown are representative of at least 18 wild-type (upper panels) and 6 bni1⌬ (lower panels) cells documented.
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RICHMAN ET AL. EUKARYOT. CELL GFP-Cdc42p clustered normally, but single banded motherbud neck clustering seemed to be more predominant compared to wild-type cells, suggesting that the appearance of clustered Cdc42p on both mother and daughter cells depended on Bni1p. Previously, bni1⌬ mutants were shown to have a delay in myosin ring contraction and defects in cell separation (38) . By using time-lapse microscopy, the appearance of clustered Cdc42p on both mother and daughter cells averaged Ϸ25 min in bni1⌬ cells (Table 2) , Ϸ2.5-fold longer than was seen in wild-type cells. Furthermore, true separation between the two bands, as was typically seen within 10 to 15 min of GFP-Cdc42p clustering in wild-type cells ( Fig. 5B; time ϭ 11 to 16 min) , never occurred distinctly in bni1⌬ cells ( Fig. 5B; time ϭ 38  min) . These results reinforce the role of Bni1p in cytokinesis and cell separation and indicate that the appearance of clustered Cdc42p on both mother and daughter cells is a good reporter for the completion of cytokinesis and cell separation.
In a cdc12-6 ts septin mutant at permissive temperatures, GFP-Cdc42p clustered normally at the mother-bud neck region (Fig. 6A, upper left panel) . Upon shifting to restrictive temperatures for 1 h, clustering was still observed in normally budded cells (Fig. 6A, upper right panel) , but elongated budded cells did not have GFP-Cdc42p at the mother-bud neck region (Fig. 6A, upper right panel) . Over time at restrictive temperatures, some elongated cells showed GFP-Cdc42p clustering at new bud sites, with no GFP-Cdc42p clustering at the mother-bud neck region (Fig. 6A, lower left panel) , indicating either that cells reset the budding cycle without going through cytokinesis, bypassing the time at which Cdc42p clustered at the mother-bud neck region, or that GFP-Cdc42p was not clustering at the mother-bud neck region due to the loss of the septin ring.
By 6.5 h post-temperature shift, GFP-Cdc42p persistently polarized to the tips of elongated buds and also at some incipient bud sites, but mother-bud neck region clustering was never observed (Fig. 6A, lower right panel) . These results raise the possibility that Cdc42p clustering to the mother-bud neck region required an intact septin ring (see below). Interestingly, internal membrane-bound GFP-Cdc42p was coalesced in various regions of these cells (Fig. 6A, lower right panel) , which was also observed in S. pombe upon overexpression of the vacuolar component Nrf1p/Vtc1p (28), reinforcing a possible link between Cdc42p, septins, and vacuolar fusion events (9, 26) .
Septin ring defects seen in a cdc12-6 ts mutant trigger the Swe1p morphogenetic checkpoint that delays progression through the G 2 /M transition and the apical-isotropic switch (3, 33) , as evidenced by GFP-Cdc42p remaining persistently polarized to the tips of elongated buds. Thus, the absence of clustered GFP-Cdc42p at the mother-bud neck region could be due to the cell cycle delay, the septin ring defect, or both.
To distinguish between these possibilities, cdc12-6 ts cells were shifted to the restrictive temperature of 37°C for 2.5 h, shifted back to the permissive temperature of 23°C for 1.5 h (until cells started to progress through the G 2 /M transition), and then shifted back to 37°C for 1 h. These cells showed GFP-Cdc42p clustering at the mother-bud neck, although the intensity of clustering was decreased and some clustered GFPCdc42p bands appeared abnormally positioned (Fig. 6B) .
Since the septin ring is lost Ϸ30 min after a shift to restrictive temperatures (12), these results suggested that Cdc42p is able to cluster at the neck region independently of the septin ring, but its positioning depends directly or indirectly on an intact septin ring. Accordingly, coexpressed septin Cdc12p-YFP and CFP-Cdc42p both localized to the incipient bud site and the mother-bud neck region, and both persisted at the old mother-bud neck region after a new bud began emerging (Fig.  6C) , suggesting a possible functional relationship between Cdc42p and the septin ring at the incipient bud site and the mother-bud neck region.
DISCUSSION
Proper targeting of Cdc42p is essential for its function and the function of a number of its effectors (7, 18) . The results reported herein indicate that Cdc42p is targeted to the plasma and internal membranes and clusters at polarized growth sites during the cell cycle (Fig. 7) . The presence of GFP-Cdc42p at plasma and internal membranes was a function of the C-terminal CAAX and polylysine domain, but the ability of Cdc42p to cluster at polarized growth sites was independent of this domain.
In immunolocalization experiments, we previously had shown that Cdc42p was not observed around the plasma or internal membranes and was only variably seen at the motherbud neck region (43) . The disparity between these patterns and GFP-Cdc42p targeting patterns described herein may be due to the nature of the anti-Cdc42p antibody used. The antibody was raised against a peptide sequence containing amino acids 165 to 181, a region adjacent to the membrane-targeting domain (42) and likely to be in close proximity to the plasma membrane, raising the possibility that steric hindrance interfered with efficient binding. An underestimation of Cdc42p membrane targeting may also be due to the immunolocalization protocol used, including the use of cell wall-digesting enzymes and sodium dodecyl sulfate, required for efficient Cdc42p visualization. These possibilities were supported by the observation that the GFP-Cdc42p immunolocalization pattern with anti-Cdc42p antibody was similar to that seen previously with untagged endogenous Cdc42p (data not shown). Taken together, these data suggest that the GFP-Cdc42p localization pattern represents the bona fide Cdc42p pattern.
The presence of GFP-Cdc42p at the plasma and internal membranes throughout the cell cycle suggested that the mechanism by which Cdc42p clustered to sites of polarized growth was more complex than targeting solely through the action of a single protein or the secretory pathway. Upon proper signaling, Cdc42p may laterally diffuse through the membrane to concentrate at sites of polarized growth. However, a combination of specific targeting proteins, localized secretion, and lateral diffusion may all be involved in Cdc42p clustering at polarized growth sites. Some abnormal or decreased GFPCdc42p clustering was observed in sec1 ts and sec6 ts late secretion mutants (unpublished results), although it was difficult to discern whether these effects were specific to GFPCdc42p targeting, general defects in the secretory pathway, or cell death.
The function of Cdc42p at either nuclear or vacuolar membranes is not entirely clear, but various studies now link FIG. 6 . Cdc42p localization in septin cdc12-6 ts mutant. Plasmid p415MET(GFP-CDC42) was transformed into septin mutant cdc12-6 ts cells (CSO-1B), and transformants were grown to early to mid-log phase in SCϪLeuϪMet medium at 23°C. Half of the culture was then shifted to the restrictive temperature of 37°C. Both 23°C and 37°C cultures were observed for fluorescence. Upper left panel shows transformants grown at 23°C; upper right, lower left, and lower right panels show transformants shifted to 37°C for 1 h, 3 h, and 6.5 h, respectively. (B) Transformed cdc12-6 cells from A were shifted to the restrictive temperature of 37°C for 2.5 h, shifted back to the permissive temperature of 23°C for 1.5 h, and then shifted back to 37°C for 1 h. (C) Colocalization of CFP-Cdc42p and Cdc12p-YFP. Plasmids p416(CFP-CDC42) and pRS315 containing CDC12-YFP under the control of the CDC12 promoter (32) were transformed into wild-type strain TRY11-7D, and transformants were grown to mid-log phase in SCϪLeuϪUraϪMet medium.
Cdc42p to roles in endocytosis and vacuolar fusion (9, 26, 29, 40) . Persistence of GFP-Cdc42p at internal membranes throughout the cell cycle suggests that its function at these membranes occurs throughout the duration of the cell cycle. Interestingly, Cdc42p has recently been implicated in a specific docking stage of vacuolar fusion (9, 26) . In addition, the localization of Cdc24p to nuclei and Cdc42p to the periphery of the nucleus suggested that these proteins may either have nuclear functions or interact prior to colocalization at the plasma membrane.
Time-lapse experiments indicated that Cdc42p clustered at an incipient bud site Ϸ11 min prior to bud emergence, which is in the range of actin and septin localization to the incipient bud site. Loss of Cdc42p function led to depolarized actin (1) and delocalized septins (21, 33) , and Cdc42p clustered independently of actin at the incipient bud site (2) . Together, these data are consistent with a model in which Cdc42p localization is required for actin and septin polarization to the incipient bud site.
Cdc42p clusters postanaphase at the mother-bud neck region immediately prior to actomyosin ring contraction and then persists on mother and daughter cells Ϸ10 min later following cytokinesis and cell separation. Localization studies with S. pombe Cdc42p also suggested a role in mediating ring contraction and/or septum formation (23) . One can envision multiple potential roles for Cdc42p at this site, including signaling changes in septin ring structure at the mother-bud neck region immediately prior to actomyosin ring contraction (20) , inducing actomyosin ring contraction after the split of the septin ring into two rings (20) , triggering the ring-to-plate structure transition of Bni1p and Cbk1p (30, 31) , and mediating actin-dependent septum formation and cell separation.
Over 40 S. cerevisiae proteins have been shown to target to the mother-bud neck region late in the cell cycle. They can be grouped into several distinct localization patterns, including double rings often associated with the septin double ring, single rings associated with the actomyosin ring, single or double rings that have not yet been correlated to a specific structural ring, and single rings specifically on the mother side of the mother-bud neck region. The Cdc42p banding patterns comprise a subset of proteins that include Cdc24p, Gic1p, Gic2p (6, 7), chitinase regulator protein kinase Cbk1p (31), Bni1p (30) , and Syp1p (22), a multicopy suppressor of the actin-binding protein profilin. Many of these proteins have also been implicated in regulating bud emergence, suggesting that similar Cdc42p-associated complexes may function in the establishment of bud emergence and in reestablishing cell polarity during cytokinesis and cell separation.
These analyses provide new insights into Cdc42p targeting and localization patterns and the timing of its clustering at sites of polarized growth, especially at the mother-bud neck region. Given the highly conserved structure and function of Cdc42p in all eukaryotes examined to date, the establishment of these temporal and spatial patterns should provide an important context in which to analyze the timing and localization of other cell signaling proteins with respect to Cdc42p clustering. Future experiments building on the timing of Cdc42p clustering will hopefully lead to a more defined hierarchy of protein localization during the eukaryotic cell cycle.
